Exchange bias effects have been systematically investigated in nanoscale Cu ͑10 nm͒ / Ni 80 Fe 20 ͑30 nm͒ / Ir 75 Mn 25 ͑30 nm͒/Cu ͑2 nm͒ multilayer antidot arrays. The antidot arrays exhibit asymmetric and shifted hysteresis loops along the induced exchange bias direction, with higher coercivity and exchange bias field values as compared to a continuous film deposited under identical conditions. The evolution in exchange bias field with increasing antidot diameter is ascribed to the constraints imposed on the domain size in the Ir 75 The development of advanced lithography tools for fabricating nanostructures with controlled dimensions and geometry has stimulated increased research in magnetic nanostructures since the physical dimensions involved are comparable to certain characteristic length scales.
The development of advanced lithography tools for fabricating nanostructures with controlled dimensions and geometry has stimulated increased research in magnetic nanostructures since the physical dimensions involved are comparable to certain characteristic length scales. 1 In this regard, phenomena such as the exchange bias effect, 2 which refers to the unidirectional shift of the hysteresis loop along the magnetic field axis in exchange interacting ferromagnetic ͑FM͒-antiferromagnetic ͑AFM͒ materials, is of particular interest. Some models attribute this effect to the formation of magnetic domains either in the AFM ͑Refs. 3 and 4͒ or in the FM layer. 5 Exchange bias effects have been extensively investigated in thin films due to their technological applications in magnetoresistive read heads and magnetic random access memories. 6 The constant miniaturization of devices and drastic increase in the areal density of magnetic recording media however, has triggered the study of exchange bias in nanostructured systems. [7] [8] [9] [10] [11] [12] Investigating the exchange bias in nanostructures offers the unique advantage of the probing the role of domain size and also provides an additional tunable source of anisotropy to stabilize the magnetization.
There have been conflicting reports on the magnitude of H E in nanostructures. While some authors have reported an enhanced H E as compared to thin films, 11, 12 others have observed the opposite trend. 7, 12 Moreover, with shrinking lateral dimensions, the complexities involved in achieving uniformity and characterizing the nanostructures increase enormously. Since a nanostructured system with uniform and controlled geometry is highly desirable to study exchange bias at reduced lateral dimensions over a macroscopic area, it would be convenient to exploit the ordered geometry of antidot arrays, which consist of holes ͑antidots͒ embedded in a contiguous magnetic film. 13 Although earlier studies on exchange biased interconnected networks with irregular antidot geometry have demonstrated an enhancement in H E , 11 a systematic study on exchange bias in ordered antidot arrays is yet to be reported.
In this letter, we report on the exchange bias effect in highly ordered nanoscale antidot arrays as a function of the antidot size. Our results show that the magnitude of exchange bias in the antidot arrays is larger than the continuous film and increases progressively as the antidot size increased.
The large area ͑4 ϫ 4 mm 2 ͒ nanoscale antidot arrays were fabricated on commercially available Si substrates using deep ultraviolet ͑DUV͒ lithography at 248 nm exposing wavelength. The Si substrates were first coated with 60 nm thick antireflective layer followed by 480 nm of positive DUV photoresist. A Nikon lithographic scanner with KrF excimer laser radiation was used for exposure, leading to the formation of resist dots. This was followed by deposition of Cu ͑10 nm͒ / Ni 80 Fe 20 ͑30 nm͒ / Ir 75 Mn 25 ͑30 nm͒/Cu ͑2 nm͒ multilayers using dc magnetron sputtering at room temperature. To induce exchange bias, the films were deposited in the presence of a constant in-plane magnetic field of H dep = 1.3 kOe along the x axis of the square unit cell. The magnetic film was then removed from the unexposed areas by ultrasonic assisted lift-off in OK73 resist thinner. Lift-off completion was determined by the color contrast of the patterned film and confirmed by inspection under a scanning electron microscope ͑SEM͒. Details of the fabrication process are described in Ref. 14. ages of exchange biased antidot arrays of four different sizes. The antidot pitch was fixed at 415 nm, while the diameter d was systematically varied from 145 nm ͑Q1͒ to 265 nm ͑Q4͒. Magnetic properties were characterized using a vibrating sample magnetometer at room temperature. Figure 2͑a͒ shows the representative room temperature magnetization loops for the exchange biased antidot arrays and a reference continuous film deposited under identical conditions, with the external magnetic field applied along the induced exchange bias direction. We observed that the reference film exhibits an asymmetric hysteresis loop with a small coercivity H C of 6 Oe, shifted by an exchange bias field H E = 23 Oe from the zero magnetic field axis. As expected, there is a significant enhancement in H C for the antidot arrays. This enhancement of H C when compared to the continuous film has been ascribed to the pinning of domain walls in the vicinity of the antidots. 13 We also observed that the hysteresis loops for the antidot arrays are more asymmetric as compared to the continuous film. Figure 2͑a͒ shows that the switching from positive to negative saturation ͑de-creasing branch of hysteresis loop͒ is sharper when compared to the switching from negative to positive saturation ͑increasing branch of hysteresis loop͒, thereby suggesting that different magnetization reversal mechanisms are involved in the decreasing and increasing field branches of the hysteresis loop. This is in contrast to exchange bias studies in other patterned elements where symmetric loops are obtained for sub-100-nm nanostructures. 8 The corresponding hysteresis loops for a control experiment with unbiased antidot arrays are shown in Fig. 2͑b͒ . It can be clearly seen that the loops are symmetric about the zero magnetic field axis.
Shown in Fig. 2͑c͒ is the dependence of H C and H E extracted from the hysteresis loops in Figs. 2͑a͒ and The exchange bias field for the antidot arrays also shows strong dependence on the antidot diameter. Figure 2͑c͒ shows that for antidot nanostructures, the magnitude of H E is larger when compared to the continuous film and increases from 27 to 35 Oe as d increases from 145 to 265 nm. To understand the evolution in the magnitude of H E , we first consider the effect of antidots on the AFM domain size. 15 Hence, for t IrMn = 30 nm, thermal activation effects may be assumed to be negligible at room temperature.
Next, we consider the effect of antidots on the FM domain size in our exchange biased films. According to the random field model proposed by Li and Zhang, 5 the FM domain size is determined by the competition between FIG. 2. ͑Color online͒ ͑a͒ Room temperature magnetization curves for exchange biased antidot arrays and a continuous reference film, ͑b͒ room temperature magnetization curves for unbiased antidot arrays and a continuous reference film, and ͑c͒ antidot diameter dependence of coercivity H C and exchange bias field H E for antidot arrays.
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FM-FM exchange interactions and the random field due to FM-AFM interfacial interactions. If the FM-FM interaction is strong, it is favorable to form large FM domains and the net random field is small, thus resulting in smaller values of H E . For the antidot arrays, however, the FM-FM interactions are weakened considerably due to the presence of nonmagnetic inclusions, thus resulting in the formation of smaller FM domains, larger net random fields, and hence larger H E values. The FM-FM interactions become increasingly weaker as the antidot diameter increases, thus resulting in higher H E for the antidot arrays. The exchange bias phenomenon in antidot arrays has been further investigated by measuring the in-plane angular dependence of H C and H E at room temperature. For these measurements, the direction of induced exchange bias, i.e., the direction of H dep is represented as the anisotropy axis ͑ =0͒. The angular dependence of H C and H E for the exchange biased continuous film and the antidot array ͑Q2͒ are shown in Figs. 3͑a͒ and 3͑b͒, respectively. From Fig. 3͑a͒ , we observed that for continuous films, the values of H C demonstrate uniaxial anisotropy as expected, with H C ͑͒ = H C ͑2 + ͒ = H C ͑ + ͒ with a period of , and the values of H E exhibit unidirectional anisotropy with H E ͑͒ = H E ͑2 + ͒ = -H E ͑ + ͒ with a period of 2. Hence, the angular dependence of H C and H E can be described by the Fourier series with even and odd terms, respectively, i.e., H C ͑͒ = ͚ n=even a n cos n and H E ͑͒ = ͚ n=odd b n cos n. Moreover, we also observed that the angular dependence of H E for the continuous film can be described by a simple cos dependence, with negligible contributions from higher order terms.
For the antidot array, the angular dependence of H C is markedly different from its continuous film counterpart. Figure 3͑b͒ clearly shows that while the conditions of uniaxial anisotropy are still fulfilled, the positions of the maxima are shifted by an angle of / 4. This may be attributed to the configurational anisotropy of antidot arrays with square lattice geometry. 16 From the angular dependence of H C for the unbiased antidot array, we can infer that the easy axis is along the diagonal direction while the hard axis is along the edges of the square unit cell in order to minimize the magnetostatic energy. Consequently, for exchange biased antidot arrays, the angular dependence of H C induced by configurational anisotropy has a comparatively stronger influence as compared to the exchange anisotropy induced by the inplane magnetic field growth. Similar to the continuous film, the angular dependence of H E for the antidot array also exhibits unidirectional anisotropy. However, it is evident that unlike the continuous film, higher order anisotropy terms beyond cos must be considered to account for the square lattice geometry of the antidots. Our curve fittings suggested that contributions from higher order anisotropy terms up to cos 9 could not be neglected for the angular dependence of H E in antidot arrays. Similar angular dependence of H C and H E was also observed for the remaining antidot arrays.
In summary, we have established that it is possible to induce exchange bias in ordered nanoscale antidot arrays. We observed that the antidot arrays exhibit asymmetric hysteresis loops and show larger H E and H C values as compared to the continuous film. The exchange bias field progressively increases as the size of antidots increases, possibly due to reduced FM-FM interactions and constraints imposed on the AFM domain size by the antidots. The uniaxial symmetry of H C and the unidirectional symmetry of H E was confirmed using angular dependent measurements, and it was concluded that higher order anisotropy terms cannot be neglected for antidot arrays. Our results demonstrate a convenient technique to tune and probe the exchange bias in systems with reduced lateral dimensions. 
